This report describes a process for delivering foreign genes into maize cells that does not require the removal of cell walls and is capable of delivering DNA into embryogenic and nonembryogenic tissues. Plasmid harboring a chimeric chloramphenicol acetyltransferase (CAT) gene was adsorbed to the surface of microscopic tungsten particles (microprojectiles). These microprojectiles were then accelerated to velocities sufficient for penetrating the cell walls and membranes ofmaize cells in suspension culture. High levels of CAT activity were consistently observed after bombardment of cell cultures of the cultivar Black Mexican Sweet, which were comparable to CAT levels observed after electroporation of protoplasts. Measurable increases in CAT levels were also observed in two embryogenic cell lines after bombardment. Gene expression was observed only when an intron from the alcohol dehydrogenase 1 gene of maize was ligated between the 35S promoter and the CAT coding region. CAT activity was detected in cell cultures bombarded with microprojectiles with an average diameter of 1.2 ,gm, but not after bombardment with microprojectiles 0.6 or 2.4 ,Im in diameter. Bombarding the same sample several times was found to markedly enhance CAT activity. These results demonstrate that the particle bombardment process can be used to deliver foreign DNA into intact cells of maize. Because this process circumvents the difficulties associated with regenerating whole plants from protoplasts, the particle bombardment process may provide significant advantages over existing DNA delivery methods for the production of transgenic maize plants. In addition, the process should be of value for studying transient and stable gene expression within intact cells and tissues.
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Methods for transferring foreign nucleic acids into plant cells have helped advance basic studies of gene expression (1) and have permitted the introduction of agriculturally important traits into some crop species (2) . Although the production of transgenic plants has become routine for some plant species (3) , the genetic transformation of most cereal crops has proven to be difficult. Many of the methods available for delivery of exogenous DNA into cells of higher plants [i.e., electroporation (4) or calcium phosphate coprecipitation (5)] currently require removal of the cell wall as a necessary part of the transformation system. Although progress has been made in regenerating plants from protoplasts of rice (6, 7) , the regeneration of cereal protoplasts remains difficult and time consuming at best. Isolated cells of tobacco with intact walls have been microinjected and regenerated to produce transgenic plants (8) but microinjection is likely to be limited to single cell systems in which the potential for regeneration of the injected cells is very high. Transfer of DNA mediated by Agrobacterium tumefaciens provides a desirable alternative to protoplast-dependent systems in many dicotyledonous species but use of the bacterium for transforming important cereal crops has thus far been hindered by the limited host range of the bacterium (3). For these reasons, an efficient system for delivering genetic material directly into intact and regenerable tissues might generally aid in the recovery of genetically transformed plants and might specifically enhance our ability to genetically engineer cereal crop species.
Sanford and coworkers (9) have developed a method whereby substances can be delivered into cells of intact tissues via a particle bombardment process. Small highdensity particles (microprojectiles) are accelerated to high velocity by a particle gun apparatus. These microprojectiles have sufficient momentum to penetrate plant cell walls and membranes and can carry DNA or other substances into the interior of bombarded cells. It has been demonstrated that such microprojectiles can enter cells without causing cell death and that they can effectively deliver foreign genes into intact epidermal tissue of Allium cepa (10) . However, it has not previously been shown that the particle bombardment process could be extended beyond the very large-celled Allium model system to economically important species that have cells of a more typical size.
We specifically wished to determine the feasibility of using the particle bombardment process for delivering exogenous DNA into intact cells of maize and to examine some of the variables that may influence the efficiency of such delivery. The capacity of maize to produce embryogenic cell cultures (11) made this species a particularly attractive candidate for genetic transformation by the particle bombardment process. Suspension cultures derived from the cultivar Black Mexican Sweet (BMS) and two embryogenic suspensions were bombarded with microprojectiles coated with plasmid harboring a chimeric chloramphenicol acetyltransferase (CAT) gene. We have found that high velocity microprojectiles are able to carry DNA into intact maize cells and that foreign DNA can then be expressed at high levels.
MATERIALS AND METHODS Plasmids. The plasmids used in this study have been described (12) and their structures are shown in Fig. 1 In one set of experiments, the cells were treated either with a medium of high osmotic potential or with a mixture of medium and mineral oil during bombardment. In the first case, 100 mg of BMS cells was dispersed in 0.5 ml of MS medium supplemented with mannitol (0.4 M), 30 min prior to bombardment. After particle bombardment, the cells were left in the mannitol-containing medium for an additional 30 min, after which they were resuspended in 5 ml of standard MS medium. In the second case, the cells were dispersed in an emulsion of either 0.1 ml of sterile mineral oil and 0.5 ml of MS medium, 0.2 ml of mineral oil and 0.4 ml of MS medium, or 0.6 ml ofMS medium lacking mineral oil. After bombardment, the cells were suspended in The CAT activity in the extracts was determined as reported (15) In each experiment, BMS cells were bombarded with 1.2-Jtm tungsten particles that were coated with pCaMVI1CN (treatment) or left uncoated (control). n, Number of replicates in each experiment. CAT activity is expressed as enzyme units (x 102) per mg of protein (percentage chloramphenicol converted to its acetylated derivatives shown in parentheses). Calculation of the -fold increase of treatment over control was based on percentage conversion. *Probability that the difference between treatment and control is due only to chance, based on analysis of variance by F test. microprojectiles coated with pCaMVICN. As shown in Fig.  2 and Table 1 , increases in CAT activity were consistently observed in the treatments involving the pCaMVICN plasmid. The induced levels of CAT activity were typically 20-to 200-fold greater than the CAT activity in the controls. CAT activity in BMS was monitored over a 4-day period following bombardment with microprojectiles coated with pCaMVI,-CN. Expression of the introduced CAT gene was detectable 24 hr after bombardment and was still high after 96 hr of incubation (data not shown). CAT activity was also measured after 96 hr in BMS cells bombarded with pCaMVCN (no intron). Expression in these cells was not greater than background levels found in cells bombarded with uncoated microprojectiles. Consequently, all subsequent experiments were performed with the pCaMVICN plasmid.
The postbombardment CAT activity of two embryogenic cell suspensions clearly revealed that DNA was being delivered into these cell lines, but generally at lower rates than observed in BMS ( Table 2) .
Samples of BMS were subjected to repeated bombardments with plasmid-coated microprojectiles. Multiple bombardments of the same sample clearly produced higher levels of CAT activity than did single bombardments (Table 3, Fig.  3 ). Triple bombardment was seen to increase CAT activity in a similar manner in the embryogenic line 3-86-17 (Fig. 3) .
The effect of microprojectile diameter was examined by monitoring CAT expression after bombardment with different particle sizes (Table 4) . BMS suspensions were bombarded with microprojectiles that were 0.6, 1.2, or 2.4 ,um in diameter. Significant levels of CAT activity were only found in cells bombarded with microprojectiles with an average diameter of 1.2 ,um. Two treatments that could potentially limit the damage to cells caused by microprojectile penetration were evaluated.
To reduce turgor pressure, cells were incubated in MS medium containing 0.4 M mannitol prior to bombardment. It was observed that the osmotically adjusted cells exhibited a substantially lower level of CAT activity than cells maintained in the normal MS medium during bombardment (data not shown). In another experiment, sterile mineral oil was added to the cell suspensions such that many cells became coated with a layer of oil. Addition of different amounts of mineral oil to cell suspensions did not enhance CAT activity in relation to cells bombarded in normal culture medium (data not shown).
DISCUSSION
Consistently high levels of CAT activity were found in cell cultures of BMS after bombardment with microprojectiles coated with plasmid bearing a chimeric CAT gene (pCaMVI1-CN). The levels of CAT expression in cells bombarded with pCaMVICN-coated microprojectiles were often 200-fold greater than in controls and were comparable to CAT levels previously observed in bombarded onion tissue (10) . The dramatic increase in CAT activity after bombardment was not unlike that previously seen in protoplasts of BMS electroporated with this plasmid (13, 17) . These results unambiguously demonstrate that high-velocity microprojectiles can be used to carry foreign genes into intact cells of 0* I * 0 placed between the CAT coding region and 35S promoter (13) . The fact that the intron-containing construct was necessary to detect expression after particle bombardment may suggest that DNA delivery by microprojectiles to intact cells by the present technology is still less efficient than DNA delivery to protoplasts by electroporation.
The fact that CAT activity was readily detectable in BMS and two embryogenic suspension cultures suggests that the particle bombardment process may be used in diverse genotypes or tissue types. While the experiments summarized in Table 2 indicate that particle bombardment may be less efficient in embryogenic cell lines than in BMS, more recent experiments indicate that bombardment parameters can be adjusted so that CAT levels can be achieved in embryogenic cell lines that are equal to those observed in BMS.
Numerous variables can be further optimized to increase the efficiency of delivery by the particle bombardment process. For example, repeated bombardment of the same sample led to marked increases in CAT expression. This suggests that modifications in the number and spatial distribution of particles that impact the target tissue may increase the number ofcells that are penetrated and that receive DNA. Optimization of these factors should be possible by design changes in the macroprojectile and stopping plate of the particle gun apparatus. to the other two sizes tested in this study, optimal particle size has yet to be determined and may differ for specific cell types. Particles that are too small may fail to penetrate certain cells, while particles that are too large will be lethal to others. Factors other than cell size, such as thickness of the cell wall or abundance of intracellular nucleases, may also affect the efficiency of transformation by microprojectiles.
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One factor we felt would be important to cell survival was osmotic pressure. We assumed that it would be desirable to reduce turgor pressure and thereby limit the loss of cell cytoplasm through lesions in the cell wall formed by microprojectile penetration. Such osmotic adjustment is often essential in microinjection experiments. Experiments in which mannitol was used to increase the osmotic pressure of the surrounding medium indicate that this was not beneficial but was actually deleterious. Reductions in turgor pressure may have decreased the efficiency of microprojectile penetration.
It was also thought that a layer of oil over the cells might improve viability by helping to seal lesions after penetration. Mineral oil did not change CAT expression in bombarded cells. It is possible that the viscosity of the oil reduced the velocity of the microprojectiles, thereby reducing penetration efficiency and counteracting any beneficial effect.
Numerous bombardment and culture variables remain to be determined and optimized. These variables include the distance that the cells are placed from the aperture of the stopping plate, the velocity at which the microprojectiles impact the cells, the degree of vacuum within the sample chamber during bombardment, and the size and shape of the microprojectiles. The optimal mode of DNA absorption to the projectiles and better ways to optimally distribute and anchor cells before bombardment also need to be determined.
The particle bombardment process should offer several significant advantages for delivering nucleic acids to plant cells and may be of particular value for species in which efficient transformation and protoplast regeneration systems do not presently exist. One appealing feature of the particle bombardment process is that it allows treatment of cells whose walls are intact. Because the obstacle of regenerating whole plants from protoplasts may be circumvented, the genetic engineering of important grain species may be facilitated. Transient assays of genes introduced into cells by the particle bombardment process should also aid in studies of gene expression in economically important monocots, particularly since it may be possible to deliver genes to cells within intact tissues. The particle bombardment process may thus make investigations of tissue-specific gene expression possible without the need for regenerating whole plants.
